


Acknowledgment:   

This material is based upon work supported by the Department of Energy under Award Number 
DE-EE0006400. 

 

Disclaimer:   

This report was prepared as an account of work sponsored by an agency of the United States 
Government.  Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights.  
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof.  The 
views and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

 

 

  







ACCOMPLISHMENTS AND COMPARISON TO OBJECTIVES  
 

Objectives Accomplishments 
Design and prototype a 1 kW, 300 rpm, 
outer rotor, pole modulated permanent 
magnet electrical generator 

Prototype designed, built and tested showing low 
power factor resulting in inferior overall 
performance compared to a demonstrated tooth-
wound stator alternative. 

Design and prototype a 1 kW, 300 rpm 
axial flux integrated magnetically 
geared generator 

Prototype designed, built, and tested, verifying the 
design procedure and performance predictions. 
Axial flux geometry found to be difficult to scale 
mechanically. Full load testing prevented by a 
dislodged magnet.  

Design and prototype a 10 kW, 30 rpm 
low speed, high torque generator for 
wave, MHK, and similar applications  

A radial flux, integrated magnetically geared 
generator was designed, built, and tested, verifying 
the design procedure and performance predictions. 
Generator was successfully tested under constant, 
sinus oscillation, and simulated ocean wave speeds. 

Design a full scale, 40 kW, 1.7 rpm 
electrical generator to meet the target 
torque density and cost requirements  

Paper design of a full scale, radial flux magnetically 
geared generator completed with 93 kNm/m3 and 33 
Nm/kg using active material or 88 kNm/m3 and 21 
Nm/kg using total materials 

Complete LCOE calculations for the 
OWSC system with baseline hydraulic 
PTO and proposed direct drive 
electrical PTO 

LCOE calculations completed in and independently 
evaluated by NREL scientists show a potential 
reduction of 18% from increased energy conversion 
efficiency and more than 35% if the momentary 
thermal limits of the electrical system are used to 
increase the maximum power output for the PTO 
system 

  





A baseline flap and hydraulic PTO system have been defined for reference, target setting, and 
comparison to the proposed electrical PTO system. The reference system is rated for 30 kW 
electrical power output to the grid using a single 8 m wide by 7 m tall flap at rated sea conditions 
of 2.5 m wave height and 12 sec wave period. Both rated wave conditions as well as an annual 
distribution of wave conditions have been defined as input. Additionally, representative half-
hour, data sets of simulated flap torque and speed for both rated sea conditions and a few reduced 
wave heights have been provided for partial load calculation and comparison.  

The motion of the flap and directly coupled generator are unique for this application. Instead of 
the constant speed, continuous rotation typical for most electric motors and generators, the direct 
drive generator in this case will oscillate, rotating back and forth with the flap, stopping and 
changing direction twice every cycle. The average speed is low but the oscillations contribute 
highly variable peak values of speed and torque at irregular intervals. For the project Phase I and 
Phase II prototype development at reduced scale, the generators are designed and tested with an 
increased constant speed in order to make the prototypes more manageable. However, for the 
target application of the generator directly coupled with the FLAP in the sea bed, the actual 
motion is oscillating back and forth, as shown in Figure 2. The slow motion averages around 
0.18 rad/sec and the rotation angle varies within ±70 degrees, usually much less. The peak to 
average speed ratio for this data set is nearly 4:1.  
 

 
 

Additional details of the system components and estimated costs for the baseline hydraulic-
electric and proposed direct-drive electrical PTO systems are compared in the Task 1 report 

Figure 2. Example flap angle and velocity for 10 min interval with load torque limited to 
320 kNm 







low, leading power factor operation, which introduces extra loss and cost from the system side 
for power factor conditioning and higher current requirements.  
4) The tooth wound design features a high winding factor which contributes to the target 
power generation density with the power factor close to unity. This design can provide low 
winding losses and high overall efficiency. While the stator winding coils will be more effort to 
manufacture than with the pole modulated design, a modular design and machine winding 
process can be applied to significantly reduce the manufacturing cost.  
5) The magnet loss is not a major loss component as observed in these prototype tests. Large 
thermal margin and low rotor temperature were observed during testing with both pole-
modulated and tooth wound stators. The iron and magnet losses are not concerns for the targeted 
low speed application. The stator winding loss is the most significant source of generator loss.  
6) Only no load testing was completed on alternative Phase I prototype integrated, axial flux 
magnetically geared generator. Unfortunately, this prototype was damaged by a dislodged 
magnet during initial load testing. Not only the magnet but the bearings and structural assembly 
were damaged from the severe shock of the sudden stop caused by the loose magnet lodging 
between the modulator and rotor. Nevertheless, the static torque and no load losses of the 
machine were fully characterized, providing a good indication of the prototype mechanical, core, 
and magnet losses.  
7) Based on the no load loss measurements, the full load efficiency of the Phase I prototype 
integrated, axial flux magnetically geared generator is expected to be about 60%, with electrical 
efficiency values of about 80% for the magnetic gear components and about 75% for the off the 
shelf generator. Higher efficiencies are achievable with reduced bearing loss, minimizing eddy 
current losses in structural material, dedicated design of the generator components (reduced 
winding resistance, higher quality laminations, and design for low harmonics for example) as 
well as additional focus on efficiency of the magnetic gear from steps like magnet segmentation, 
pole-combination selection, and laminating the modulator segments. 
  



 
 

Table 1. Phase I 300 rpm, 1 kW* generator prototype summary 
 

 
 

*The initial target for the Phase 1 Prototypes was 1 kW at 300 rpm. In fact, the single air gap 
machines were scaled up to around 4 kW to better match the outer diameter and more easily 
compare to the conventional, off-the-shelf reference motor.  

 

Design Parameters
Axial Flux 

Gear+Generator
Pole 

Modulated
Tooth 

Wound
Commercial Reference                         
7 hp (5.2 kW), 300 rpm

Gear Ratio 9 - - -
Outer Diameter (mm) 260 310 310 -
Inner Diameter (mm) 60 95.25 95.25 -
Stack Length (mm) 55 60 60 -

Est. Coil Head Length [mm] 0 37.5 20 -
Magnet Material (kg) 1.7 1.8 1.8 -

Electrical Steel Core Material (kg) 9.1 17.2 15.1 -
Copper Material (kg) 0.45 2.4 2.1 -

Total Active Weight (kg) 11 21 19 -
Continuous Power Output (kW) 1 3.8 4.1 -

Efficiency ~0.60 0.90 0.92 -
Power Factor 1.00 0.40 1.00 -

PM per kW (kg/kW) 1.7 0.5 0.4 -
Iron per kW (kg/kW) 9.1 4.5 3.7 -

Copper per kW (kg/kW) 0.5 0.6 0.5 -
Total Active Weight per kW (kg/kW) 11 6 5 -

Torque Density (kNm/m3)                     

�d���Œ�P���š���H���í�ò���l�E�u�l�u3 12 13 19 8.2

Torque Density (Nm/kg)                        
�d���Œ�P���š���H���ð���E�u�l�l�P��

2.8 5.7 6.9 1.8

Active Material Cost (USD) 108 148 141 505
Active Material Cost per kW 

�~�h�^���l�l�t�•�����d���Œ�P���š���G���¨�ñ�ì���h�^���l�l�t
108 39 34 97



 
 

Table 2. Full Scale, 40 kW, 1.7 rpm design projections 
 

Design Parameter
Integrated Axial 

Flux 
Gear+Generator

Pole 
Modulated 
Generator

Tooth 
Wound 

Generator

Integrated Radial 
Flux Gear+Pole 

Modulated 

Integrated Radial 
Flux Gear+Tooth 

Wound Generator

Commercial 
Reference 250 hp 

(186.5 kW) 125 rpm
Gear Ratio 9 - - 11 11 -

Outer Diameter (m) 2.5 2 2 2 2 -
Inner Diameter (m) 0.9 1.24 1.28 0.2 0.23 -
Stack Length (m) 0.38 3.2 3 0.9 0.9 -

Est. Coil Head Length (m) 0 0.4 0.25 0 0 -
Magnet Material (kg) 2,160 1,750 1,650 2,420 2,370 -

Electrical Steel Core Material (kg) 4,700 14,300 15,400 9,350 9,050 -
Copper Material (kg) 160 9,100 6,600 180 130 -

Total Active Weight (kg) 7,020 25,150 23,650 11,950 11,550 -

Active Torque Density (kNm/m3)    

�d���Œ�P���š���H���ô�ð���l�E�u�l�u3 139 29 35 80 81 33

Active Torque Density (Nm/kg)                 
�d���Œ�P���š���H���í�ð���E�u�l�l�P��

32 9 10 19 19 5.5

Active Material Cost (kUSD)          
�d���Œ�P���š���G���¨�î�ì�ì���l�h�^��

119 207 179 142 138 12









Tasks 5.0 Phase II Prototype Design, Manufacture, and Test 

Table 3 includes key details of the Phase II Prototype, shown in cross-section in Figure 6, for the 
active, electromagnetic components. The Appendix 4 Phase II Prototype Test Report covers 
additional Phase II Prototype details. The design criteria targeted a peak torque of around 4000 
Nm to enable the 10 kW output at 30 rpm, assuming a worst case 80% efficiency, as well as 
torque density values of 84 kNm/m3 and 14 Nm/kg of active material volume and mass. The 
magnetic gear is first sized to achieve these targets.  The generator development is constrained 
by the dimension of the magnetic gear design. With increased speed due to the magnetic gear 
ratio, the power of generator can be achieved with a smaller footprint, enabling a compact, 
integrated active structure. 

Low Speed (LS) rotorHigh Speed (HS) rotor

Modulator

Generator Stator
 

Figure 6. Magnetically geared generator cross-section 

The components were designed to handle a static peak torque of at least 5,000 Nm and a 
temperature rise of 50 deg. C. All components were designed to satisfy this criteria. The machine 
was designed to be readily machined using processes that were available and typical for 
machines of the diameter of the Phase II machine. The rotors and modulator were designed to be 
modular so that each could be separated from its end bells and machined independently. Each 
component was designed to be similar to the others to limit engineering time, e.g. the end bells 
are mostly scaled.  









mechanical structure from the laminations in an effort to reduce losses. The principal 
disadvantage of this approach is the additional stack-up tolerances that are incurred by adding an 
additional joint. The laminations for the HS rotor are single piece (non-segmented) 29 gauge 
electrical steel. The assembled HS rotor is shown in during manufacture in Figure 9 and during 
assembly in Figure 10. 

 
Figure 9. High speed rotor with wood clamp on last magnet until affixing epoxy set 

 
Figure 10. High speed rotor being inserted into modulator 





 
Figure 11. Modulator deformation calculation 

 
Figure 12. Modulator structure showing from left to right, fabricated end bell (yellow), SS end 

ring (gray) G11 stand-off (blue) lamination core (gray) ... 

The design of the bridge thickness was based on a compromise between the electromagnetic 
requirements and handling requirements for the lamination segments. We did not attempt to 
model the resonant properties of the modulator due to its inherent mechanical complexity. 
However, an impulse test was performed to determine the resonant frequencies of the modulator 
after its construction and those results are shown in Figure 13. 





pieces will induce a current in the rods and the resulting magnetic field will oppose the field 
from the LS and HS rotor with the result of significantly reduced net torque and efficiency. 
Unfortunately during the manufacture of the modulator structure the isolation was compromised, 
the rods were cut and four additional SS rods were added just to withstand assembly forces 
although this compromises the thermal capability of the prototype. The modulator has fabricated 
end-bells. 

Significant effort was required to produce components for the modulator that could be reliably 
machined. The large number of through holes required for the pins on both side of the G11 and 
end rings made these difficult to manufacture and made the final assembly difficult to clamp to 
perform the final machining operations on the assembly. Although a thicker annulus for the 
modulator will ultimately add some magnet cost and volume, it is desired for manufacturability. 
 
Low Speed Rotor 

The LS rotor has 136 poles and the laminations are 29 gauge electrical steel. Although the low 
speed rotor could have been laser-cut from a single lamination it was decided to segment into 
four pieces since segmentation would be necessary at the full scale. Unlike the modulator and HS 
rotor the low speed rotor uses castings for the outer most end-bells of the machine. The active 
components of the LS rotor are shown in Figure 14. The stand-off for the LS rotor is fabricated 
from 0.25 in G11. 
 

 
Figure 14. Low speed rotor with magnets installed 

  







 
Table 5. No load loss components at 15 and 30 rpm 

Speed 15 rpm 30 rpm 

Low speed rotor core (FEA 
Calculation) 

56 W 15% 148 W 15% 

LS magnets (FEA) 82 W 23% 222 W 23% 

Modulator (FEA) 18 W 5% 48 W 5% 

HS rotor core (FEA) 18 W 0.6% 4 W 0.4% 

HS magnets (FEA) 2 W 6% 56 W 6% 

Generator stator core (FEA) 21 W 8% 117 W 12% 

Generator magnets (FEA) 29 W 3% 28 W 3% 

Total electrical no load loss 
(from FEA) 218 W 60% 623 W 64% 

Mechanical loss   
(=Measured - FEA) 144 W 40% 343 W 36% 

Test measured total loss 362 W 100% 966 W 100% 

 

The constant load test was repeated with different loads ranging from 14.1 to 1.2 Ohms per 
phase, and the results are plotted in Figure 16. The low operating temperatures and consistently 
high efficiency are encouraging. Even though this stator was designed for a rated operating point 
at 10 kW at 30 rpm, it still performs well over a wide operating range of speed and load. This 
attribute is well matched for MHK applications where the input torque from the wave or water 
energy converter is highly variable. 



 
Figure 16. Generator output power and efficiency at different load resistance 

The measured efficiency is slightly over 89% at the rated 10 kW, 30 rpm operating point, 
including the consideration of estimated mechanical drag losses at full speed (343 W obtained 
from the No Load test, primarily due to bearing losses). Apart from the mechanical losses, the 
measured electromagnetic system efficiency increases to 92%, which is the combined efficiency 
of the magnetic gearing (97%) and electrical generation (95%) sections of the integrated 
machine. In addition to the potential for reduced mechanical losses, the full scale machine, due to 
the larger size and power rating, is expected to have a slightly higher, around 95.1%, combined 
electromagnetic efficiency (neglecting bearing or mechanical losses) including both the magnetic 
gear (98.9%) and electrical generator (96.2%) components.  

Despite being designed for a constant 30 rpm rated speed, the prototype was also tested under 
much slower oscillating speed waveforms. One logical but still interesting conclusion from these 
tests was that for the same average speed, both the constant speed and sinusoidal oscillation 
cases produced roughly the same average output power (see Figure 17 below). Similarly, the 
sinewave period also did not significantly impact the average power output. This data suggests 
the average speed is the most important parameter for estimating the full scale generator output 
over a given distribution of ocean wave periods and heights for a given wave energy site. The 
power output at the 5 rpm oscillation point shows lower power because the torque limit setting 
on the drive did not allow enough torque for the machine to follow the desired sinusoidal speed 
function.  

 



 

 
Figure 17. Power comparing oscillation and constant speed tests (R=4.7 Ohm load) 

The final sets of testing included a power converter connected to the generator output instead of 
the resistive load. Unavoidably, the converter must reduce the system efficiency for any 
individual operating point. However, the reduction in efficiency would be more than 
compensated in a real system from the overall increase in power output from the ability to 
control the instantaneous generator load and torque for maximum power output. The system 
efficiency is expected to achieve as high as ~88% with the power converter when the power is 
extrapolated to 10 kW. The tests were performed with only three out of the six generator phases 
because of the converter limitation.  





Task 6.0: Full Scale MHK System and Integration Studies  

The design of the 40 kW, 1.7 rpm full scale generator is a scaled up version of the Phase II 
prototype development, with a concept picture in Figure 19 and design parameters given in Table 
6 and Table 7. Additional information is provided in Appendix 5, the Task 6.2 Full Scale 
Generator Design Report. 

The outer diameter of the full scale generator is limited to 1.6 meter in order to avoid impact to 
the hydrodynamic performance of the WEC flap. As with the Phase II design, estimated cost, 
torque density, and power capability are the main design criteria. After some initial general 
design sizing calculations, Finite Element Analysis (FEA) optimization routines are run to 
evaluate a large sample space of potential designs. The critical air gap parameters are selected at 
4.5 mm as a reasonably aggressive value based on the Phase II prototype experience. 

 

 
Figure 19. Full scale design concept 

  



Table 6. Full scale design parameters 

Parameter Value 

Gear Ratio 8.33:1 

High Speed Rotor Pole Pairs 6 

Low Speed Rotor Pole Pairs 50 

Modulator Count 56 

Overall Outer Radius 800 mm 

High Speed Rotor Back Iron Thickness 101.9 mm 

High Speed Rotor Magnet Thickness 28 mm 

Modulator Air Gaps 4.5 mm 

Modulator Thickness (Including Bridge) 50 mm 

Modulator Bridge Thickness 10 mm 

Low Speed Rotor Outer Magnet Thickness 14 mm 

Low Speed Rotor Back Iron Thickness 50.5 mm 

Modulator Fill Factor 0.35 

High Speed Rotor Magnet Fill Factor 0.95 

Low Speed Rotor Magnet Fill Factor 0.9 

Gear Stack Length 1194 mm 

High Speed Rotor Outer Radius  614 mm 

High Speed Rotor Inner Radius  560.5 mm 

Stator Outer Radius 556 mm 

Stator Inner Radius  255 mm 

Inner Air Gap Length  4.5 mm 

Stator Lamination Stack Length  760 mm 

Stator End Winding Length  124 mm 

Total System Magnet Mass 1180 kg 

Total System Mass 15,155 kg 

 
  



Table 7. Additional design parameters 

Electrical Parameters Full Scale Design 

Stator Poles 40 

Stator Slots 48 

LS Rotor inner magnet thickness (mm) 18 

Rated VLL (V) 350 

Rated Phase current (A) 35 

Power Factor >0.94 

Frequency (Hz) 4.53 

Connection YY 

Turns / coil 58 

Phase Resistance (Ohms at 20º C) 0.17 

Copper Loss (W) 1260 

Iron Loss (W) 355 

PM Loss (W) 30 

Peak Torque (kNm) 320 

Efficiency (without bearing loss) 95% 

 
  



 
Figure 20. Full scale generator size and structure 

For submersible operation, the bearings and sealing will be more challenging, but one option is 
for the outer rotor (LS rotor) to be integrated with a fully sealed frame. This may be simpler if 
the modulator is rotated and the outer magnets are held stationary along with the outer sealed 
housing.  

The performance of the full scale generator was also calculated using the same modeling tools 
and strategy validated with the Phase II prototype. The example ocean wave speed profile is 
shown in Figure 21. 



 
Figure 21. Example ocean wave speed profile 

The predicted power output from the full scale generator design, without applying any torque 
limiting control, is expected to average about 37.3 kW from an average 40.6kW WEC input 
power. Additional energy conversion stages are required to condition the power for the grid, 
however this electrical power take off system can offer a significantly higher energy conversion 
efficiency, better matched to the variable peaked waveforms, than hydraulic-electric or other 
alternatives. The calculated generator output power is plotted in Figure 22. 



 
Figure 22. Full scale generator calculated output power 

In summary, the full scale generator design, scaled up from the Phase II prototype, and 
developed using the design procedure validated by both Phase I and Phase II prototype is able to 
well exceed the project targets for the machine size and cost. In terms of active material cost, 
using the same $10/kg copper, $50/kg magnet, and $2/kg core cost estimates as in Phase I, the 
full scale generator design includes only about $82k for the active material, well under the $200k 
target, leaving plenty of margin for additional supporting structure and manufacturing costs. The 
volumetric and gravimetric torque density values are similarly encouraging. Table 8 compares 
the target, conventional off-the-shelf (COTS) reference motor, Phase II prototype, and final 
design in terms of volumetric and gravimetric torque density, considering just the active material 
or the full machine. The Phase II prototype does not compare well when looking at the full 
machine because of the short active length (less than 4 inches compared to an overall length of 
about 2 feet) and conservative amount of structural material to ensure the success of the 
prototype. However, taking advantage of additional design optimization and increased stack 
length, as in the full scale design, enables torque density values exceeding the project targets. 
The full scale design, despite the lower speed and power ratings, still offers an almost three times 
reduction in volume and six times reduction in weight compared to the commercial 250 hp, 125 
rpm reference. This design is moving toward the required step-change reduction in electrical 
generator cost, size, and weight required to enable direct drive electrical PTO systems for low 
speed MHK applications.       

 

 



Table 8. Torque density targets and values for Phase II prototype and full scale design 

Component Metric 
Target 
Value 

Units 
COTS Reference 
250 hp (186.5 
kW) 125 rpm 

Phase II 
10 kW    
30 rpm 

Full Scale 
40 kW   

1.7 rpm 

Total Volume Density 46 kNm/m3 18 12 88 

Total Mass Density  10 Nm/kg 3.8 3.8 21 

Active Volume Density 84 kNm/m3 33 75 93 

Active Mass Density 14 Nm/kg 5.5 17 33 

 

Task 7.0: System Performance Impact Analysis 

Detailed calculations of LCOE according to the NREL guidelines for both the Baseline 
Hydraulic and Direct Drive Electrical PTO Systems can be examined in the attached 
spreadsheets and summarized below in Figure 23 through Figure 28. In general, these projections 
remain difficult at this stage in the technology development. However, they do provide a useful 
comparison and encouraging estimation of some of the potential benefits of a direct drive 
electrical PTO system. 

The summary values for the two PTO system alternatives are included below. The LCOE 
calculations show a reduction of more than the targeted 10% when comparing the $1.24/kWh 
value of with the baseline hydraulic PTO system (Figure 23 and Figure 24) to the $1.01/kWh 
value for the direct drive electrical system (Figure 25 and Figure 26). The main advantage of the 
direct drive electrical system is increased net power generation because of increased power 
conversion efficiency. This is consistent with industry trends toward more electric systems and 
reasonable considering the test results from the Phase II prototype and full scale generator design 
calculations.  

These values are considering the same fixed, maximum 50kW generation capacity for both PTO 
systems. In reality, this fixed capacity makes sense for a hydraulic motor or pipe where there is 
no difference between the maximum and continuous ratings, but the electrical PTO system 
should have more flexibility in generation capability. The generator and electrical power 
converters can be sized for thermal limits to better take advantage of the pulsed power from the 
ocean waves. With similar initial investment requirements, the electrical PTO system can be 
designed for momentary peak output of 100 kW instead of the original 50kW (Figure 27). This 
one change makes for better use of the WEC and ocean wave energy, increasing the annual 
generation and further decreasing the LCOE to $0.80/kWh (Figure 28).  

Significant research and development work remains before this type of magnetically geared 
generator and PTO system can be commercially available. Still, this project has demonstrated the 
significant potential this technology holds for low speed, high torque applications like ocean 
wave or similar MHK energy conversion.    

 



 
Figure 23. Baseline Hydraulic PTO LCOE Parameters 

 
Figure 24. Baseline Hydraulic PTO LCOE Value 

 
Figure 25. Direct Drive Electrical PTO LCOE Parameters 

 
Figure 26. Direct Drive Electrical PTO LCOE Value 



 
Figure 27. Direct Drive Electrical PTO LCOE Parameters with Increased Power Output 

 
Figure 28. Direct Drive Electrical PTO LCOE Value with Increased Power Capability  
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MILESTONE DELIVERABLE  
 

Task 1.0: Generator Specifications from System Aspects Including Wave Profiles, 
Wave Energy Converter (WEC) Characteristics, and Electrical PTO Requirements  

 
Date of Completion: 3/21/2015 

 
State of the art power take-off systems for flap-type wave energy converters use 
hydraulic PTO components. A direct-drive electrical generator and PTO system could 
offer significant advantages in terms of system simplicity and availability. However, the 
large generator size and cost for this extremely low and variable speed application is not 
currently available or competitive using conventional technology. The main challenge 
addressed by this project is the design of an electrical generator of a sufficiently reduced 
size and cost to be competitive with the hydraulic alternatives. One of the project goals 
addressed by the generator and system specifications is to determine roughly what is 
required from the generator and direct drive electrical PTO system in order to substitute 
for the hydraulic system.  
 
1. SPECIFIED WAVE ENERGY CONVERTER MECHANICAL REQUIREMENTS :  
This section discusses the specified mechanical requirements on the generator 
determined by the flap-type wave energy converter (WEC) device under the given wave 
profiles. Figure 1 illustrates the scale of the flap and generators, showing one possible 
configuration with the outer rotors of two separate generators joined to the base of the 
flap on either end of the common axis. Another alternative, depending on the generator 
length and final system bearing solution, could also use a single generator in the middle 
along the flap axis.  

 
 Figure 1. Concept illustration of flap integrated with two outer-rotor generators 

Appendix 1 - Task 1 Specifications

Final Technical Report
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A baseline flap and hydraulic PTO system have been defined for reference, target 
setting, and comparison to the proposed electrical PTO system. The reference system is 
rated for 30 kW electrical power output to the grid using a single 8 m wide by 7 m tall flap 
at rated sea conditions of 2.5 m wave height and 12 sec wave period. Both rated wave 
conditions as well as an annual distribution of wave conditions have been defined as 
input. Additionally, representative half-hour, data sets of simulated flap torque and speed 
for both rated sea conditions and a few reduced wave heights have been provided for 
partial load calculation and comparison.  
 
The motion of the flap and directly coupled generator are unique for this application. 
Instead of the constant speed, continuous rotation typical for most electric motors and 
generators, the direct drive generator in this case will oscillate, rotating back and forth 
with the flap, stopping and changing direction twice every cycle. The average speed is 
low but the oscillations contribute highly variable peak values of speed and torque at 
irregular intervals. For the phase one and phase two prototype development at reduced 
scale, the generators are designed and tested with an increased constant speed in order 
to make the prototypes more manageable. However, for the target application of the 
generator directly coupled with the flap in the sea bed, the actual motion is oscillating 
back and forth, as shown in Figure 2. The slow motion averages around 0.18 rad/sec 
and the rotation angle varies within ±70 degrees, usually much less. The peak to 
average speed ratio for this data set is nearly 4:1. 
 
 
 

 
 Figure 2. Example flap angle and velocity for 10 min interval with load torque limited to 320 kNm 

Appendix 1 - Task 1 Specifications
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The peak and average flap values under the rated wave conditions and with the load 
torque applied to the flap by the PTO system limited to no more than 320 kNm are 
provided below in Table 1. With no limit on the load torque applied to the flap, the peak 
torque can reach nearly four times the average value, and the peak power more than 
nine times the average.  
 

Table 1. Wave energy converter flap characteristics with PTO torque limiting 

Mechanical PTO Load Torque Rotaional Angle
Ave PTO Torque 240 kNm Ave Rotation Angle 18.4 deg
Peak PTO Torque 320 kNm Peak Rotation Angle 68.7 deg
Peak/Ave Torque Ratio 1.3 pu Peak/Ave Angle Ratio 3.7 pu
Flap Mechanical Output Power Angular Velocity
Ave Mech Flap Power 53 kW Ave Angular Velocity 0.18 rad/sec= 1.7 rpm
Peak Mech Flap Power215 kW Peak Angular Velocity 0.67 rad/sec= 6.4 rpm
Peak/Ave Power Ratio 4.1 pu Peak/Ave Velocity Ratio 3.83 pu  
Limiting the torque applied to the flap by the PTO system can significantly reduce the 
generator peak torque and peak power output with a comparatively small reduction in 
average torque and power. For example with the same flap, limiting the peak generator 
torque from about 1,180 kNm to no more than 320 kNm reduces the average torque only 
from 320 to 240 kNm. Similarly, the peak mechanical power output reduces from 564 kW 
to 215 kW while the average mechanical output drops only from about 64 kW to 53 kW.  
With the limited generator torque, since the wave input does not change, the average 
angular flap speed also increases from about 0.13 rad/sec to 0.18 rad/sec (1.2 to 1.7 
rpm), helping to reduce the generator size and cost.  
 
The load torque can be limited by bypassing the pumps in the hydraulic case. In the 
electrical PTO case there are a number of possible strategies to limit the torque 
including reducing the field current in field wound synchronous machines, reducing the 
generator phase winding current by controlling the conduction time of the solid state 
switches used to rectify the generator output power for permanent magnet machines, or 
slipping poles in a magnetic gear. This topic will be discussed in more detail as part of 
the comparison between generator alternatives.   
 
2. ELECTRICAL PTO SYSTEM REQUIREMENTS :  
This section describes the target values for the electrical PTO system including power 
output, efficiency, and cost. The baseline hydraulic PTO system is the starting point for 
the electrical PTO system requirements. The overall specifications of the electrical PTO 
system are defined in order to provide at least equal electrical power output to the grid, 
using the same flap under the same wave conditions (rated for 30 kW output in this case 
for a single 8x7m flap).  
 
a. Baseline Hydraulic PTO System Overview  
The full description is available and under continued development from the project 
partner Resolute Marine Energy and has been removed here for the publically released 
full report. The description did not include the flap prime-mover and its foundation or the 
interface to the utility grid or anything that is common to both cases since the goal is a 
comparison between the hydraulic and electrical systems.  
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a. Electrical  PTO System Initial Overview  
The variable current and voltage waveforms produced by the direct-drive generator with 
the periodic and bidirectional waves require customized power conversion technology. 
The wave energy variability must be supplemented with an energy storage system in 
order to maintain a constant output voltage and limited output power ramp rate. The 
energy storage system acts as an energy buffer, smoothing the power output at the grid-
tie. Figure 3 shows the potential direct-drive system interconnected with the grid. 

 
In this configuration the dc-link is an essential intermediary between the low and variable 
frequency generator and the 60 Hz grid. The energy storage is a requirement of the 
power conversion and needs to be sized only large enough to maintain the output 
voltage level and minimum power ramp rates required by the grid. Additional energy 
storage could be included for both hydraulic and electrical PTO systems to provide 
power during extended periods of no or light waves, but this is not included at this stage.  
 
One of the typical challenges in integrating such a variable output power to the grid is in 
controlling the dc-link voltage stability within the power conversion system. The stability 
of the dc voltage can be ensured by having a fast dynamic energy storage system 
connected directly to the dc-link [1]. The energy storage system improves dc bus voltage 
regulation by using a bidirectional dc/dc buck-boost converter to dynamically control the 
charging/discharging of the super-capacitors proportionally to any variation in the 
generator output.  
 
The principal components and estimated costs are provided in Table 2. Estimates are 
based on commercial products from various vendors for the given rating. In this case the 
estimated material cost of the direct-drive generator has been doubled to roughly 
account for manufacturing costs. 
 

Figure 3 . Electrical PTO system configuration 
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Table 2. Estimated cost of electrical PTO system components 
DESCRIPTION EST Rating QTYUNIT COST EST COSTMANUFACTURER 
Direct Drive Generator 40 kW 1 400,000 400,000 ABB
AC-DC Rectifier 125 kW 1 60,000 60,000 ABB, ZBB
Cable  3-core 775 meters 2 7,175 14,350 Mercury Wire
Capacitors - DC Bank 350 - 450 V, 220uF 30 130 3,900 AVX
Bidirectional DC -DC Converter 125 kW 1 60,000 60,000 ABB, ZBB
Grid side DC - AC Converter 80 kW 1 60,000 60,000 ABB, ZBB
Super Capacitor Module 125 V, 144Whr 16 6,500 104,000 Maxwell Technologies
System Controller 1 20,000 20,000 ABB/ZBB
Aux - System Protection - - 50,000 50,000

TOTAL 772,250$       $25,700/kW  
 
These values suggest a reasonable, direct-drive electrical PTO system can be cost 
competitive with the baseline hydraulic PTO system. The final electrical PTO system 
design will be reviewed and updated with the Phase II prototype testing and delivered at 
the end of Task 6.  
 
In addition to equal or lower cost, the electrical PTO system must also provide equal or 
greater electrical output power to the grid as the rated 30 kW hydraulic solution under 
similar wave conditions. Since the input mechanical power from the flap is also the same 
for both systems, this requires equal or higher power conversion efficiency for the 
electrical PTO system. In order to meet this goal, each major component of the electrical 
PTO system requires at least the minimum efficiency values as given in Table 3.  
 

Table 3. Electrical PTO system component minimum efficiency requirements 
PTO System Component Min  Efficiency
Generator 80%
AC/DC Rectifier 93%
Cabling & Connections 94%
DC-DC Converter 96%
Energy Storage 92%
Grid Inverter 97.5%

Electrical PTO System: 60%  
 
Efficiency values can also be traded between components as long as the system total 
remains at or above the 60% target, ensuring at least 30 kW of the roughly 50 kW (The 
average flap mechanical power from Table 1 is actually 53 kW, so 50 kW is a 
conservative and convenient value to use for clearer calculations.) of mechanical power 
available from the flap is delivered to the electrical grid. The next section narrows the 
focus down to the generator, as the source behind the electrical power output as well as 
the main new and enabling component of the electrical PTO system solution. 

 
3. DIRECT DRIVE ELECTRICAL GENERATOR REQUIREMENTS :  
The previous section included a minimum generator efficiency requirement of at least 
80%. This is a low efficiency value for a typical 40 kW electrical machine. This efficiency 
is not expected to be a challenge or limiting factor for a permanent magnet generator. A 
higher generator efficiency would increase the electrical power output or allow for a 
slightly smaller generator design. The 80% generator efficiency requirement can be 
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reexamined for the final generator and system design in Task 6, but for now provides a 
reasonable and conservative starting point and builds in some margin for unexpectedly 
low efficiency anywhere else in the system. Starting with around 50 kW of mechanical 
power delivered from the flap, a minimum 80% efficiency results in a minimum generator 
rating of 40 kW. These are net, total values, and depending on the aspect ratio and 
supporting structure requirements, the 40 kW could be from a single generator mounted 
in the center of the flap or two separate generators symmetrically attached to the flap as 
illustrated in Figure 1 and Figure 3. 
 
Also from the previous section, the cost for the total 40 kW direct drive electrical 
generator material should be less than about $200,000. From the first section, the rated 
generator speed dictated by the torque-limited flap averages about 1.7 rpm with the 
generator average torque 240 kNm with the peak torque limited to 320 kNm.  
 
One starting point for the generator design is to first consider a generator with constant 
rotating speed equal to the average speed of the actual flap. The low but constant 
rotational speed case is simpler to model and compare to machines rated for other 
values of speed and power output. In particular, constant rotation at higher speeds and 
lower power output compared to the full scale design is required in order to make the 
reduced scale Phase I and Phase II prototypes more manageable. Still, it is critical to 
also consider how the constant speed, rotational case relates to the motion of the actual 
application.  
 
 
The torque, size, weight, and cost of the Phase I and Phase II prototype generators are 
significantly reduced by increasing the rated speed and running the machines 
continuously rotating. This enables multiple prototypes to be built and tested within a 
limited time and budget but also requires some examination of the difference in 
performance between the constant speed versus oscillation.   
 
Initial examination during the second quarter found a 15% reduction in average torque 
when using a sinusoidal speed waveform with a 1 rpm average value compared to a 
constant 1 rpm speed.  
 
A more detailed comparison of the generator performance under constant speed and 
oscillations using a 40 kW design is included below as shown in Figure 4. Values are 
selected from the baseline flap for a 12 second cycle time and a 1.7 rpm average speed 
for both cases. For this calculation, a simplified sinusoidal waveform is used instead of 
the more complicated actual flap torque waveforms. Besides simplifying the process, the 
sinusoidal oscillation, with a peak to average ratio of only about 1.6 provides a 
conservative estimation of the impact on the power output. An increased peak to 
average ratio will only increase the average power output for the oscillation case. The 
generator and power conversion equipment must be designed to handle the peak 
current values. If the peak torque is limited, the generator power output can increase 
with the increased flap speed during the intervals of maximum applied torque. 
Comparison of the generator current, torque and power are shown in Figure 5, Figure 6, 
and Figure 7. 
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Figure 4. Geometry and speed for constant vs oscillation calculations 

Figure 5. Generator phase current for sinusoidal oscillation (left) and constant speed (right) 
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